The electron transport in single-wall carbon nanotubes is one-dimensional and ballistic. Typically carbon nanotubes form tunneling contacts to electrodes and behave as quantum dots at low temperatures. We report on experiments on carbon nanotubes contacted with ferromagnetic metal. In these devices strong hysteretic magnetoresistance is observed at low temperatures. A possible interpretation of our results is spin-polarized transport in the nanotube device, although we find quantitative disagreement with the simplest model.
Introduction
Quantum dots made from single-wall carbon nanotubes 1,2 have revealed interesting characteristics related to the electronic spin. Even-odd effects, shell-filling, 3,4,5 as well as electron-electron interactions 6, 7 have been investigated in tube devices. Also experiments on mesoscopic Kondo resonances have been reported in quantum dots formed in tubes. 4, 8 Spin-transport has been investigated in Co contacted multi-wall carbon nanotubes.
9
Magnetically contacted single-wall carbon nanotubes may possibly give an opportunity to study the role of spin in the unique electronic properties of the singlewall tubes: i) The transport is one-dimensional and ballistic, and at low temperatures the devices enter the Coulomb blockade (CB) regime and form quantum dots.
1,2 ii) Single-wall carbon nanotubes have no intrinsic magnetoresistance (MR).
3 iii) A Luttinger liquid may be formed in the one-dimensional tubes, 6, 10, 11 which implies a separation of electronic spin and charge modes. In a ferromagnetic (FM) metal the current carrying electrons are polarized.
12
The polarization, P , is defined as:
is the density of states at the Fermi-level for up (down) electrons. Spin-transport in a system of FM-normal metal-FM, separated by tunnel contacts, can ideally be investigated by measuring the difference in conductance (G) for the two situations: i) the two FM electrodes are magnetized parallel (p), ii) the electrodes are magnetized antiparallel (ap). Simple density of states matching, assuming no spin-scattering, gives the expression:
, first shown by Julliere. 
Device Fabrication
We use chemical vapor deposition grown tubes using the method developed by H. Dai and co-workers, 1,14 as described in detail elsewhere. 15 The substrate is highly doped Si (serving as a back-gate) capped with 350 nm SiO 2 . Islands of catalyst material (Fe 2 O 3 /Mo supported by Al 2 O 3 -nanoparticles) are defined by e-beam lithography on the substrate. Substrate with catalyst material is placed in a tube furnace, where it is heated to 900
• C in an atmosphere of CH 4 . During this process nanotubes grow, spreading out from the islands of catalyst material. The result is most often individual tubes, with diameter of about 1 to 3 nm and length up to several µm. Most tubes appear to be single-wall as investigated by transmission electron microscopy. After tube growth, metallic electrodes (defined by e-beam lithography) are evaporated on top of the islands of catalyst. The FM electrodes consist of 50 nm Fe capped with 15 nm Au, evaporated from e-beam sources at a pressure in the order of 10 −8 mbar. The aim is to contact a tube with two electrodes, as shown schematically in figure 1a . A picture of the device is presented in figure 1b . The outcome of this fabrication method is usually devices with high contactresistance (resistance from the metal to the tube) compared to similar samples e.g. with pure Au electrodes. The high resistance contacts enable experiments on tunneling from FM electrodes to nanotubes.
Experiments
In the present paper we focus on a device revealing a room temperature resistance of about 80 kΩ, independent of the back-gate voltage, this implies that the tube is metallic.
The device was mounted in a cryostat with the option of an external magnetic field in the plane of the Fe film, i.e. parallel to the easy axis of the FM electrodes. All measurements are voltage-biased and d.c. in the linear response regime, unless noted otherwise. The magnetic field is changed at a maximum rate of 0.1 T/min.
Conductance as a function of back-gate voltage measured at T = 4.2 K is presented in figure 2a . The oscillating conductance curve indicates that the device is entering the CB regime. A dramatic change in conductance, when changing magnetic field is identified. The conductance is strongly suppressed for B close to zero. This is seen more directly in figure 2b where the conductance is measured while sweeping the magnetic field, for fixed gate voltages (A-D). Independent of gate-voltage one recognizes a hysteretic behavior with a minimum in conductance after passing zero field.
In figure 2c measurements done in the temperature range T = 4 to 0.35 K are presented. At the lowest temperatures, the device does not conduct in the linear response regime, therefore a finite bias voltage of 3 mV is applied. The graph shows current versus magnetic field. The hysteretic behavior, first observed at T = 4.2 K (figure 2b), is still present and develops for temperatures going to 350 mK. At T = 350 mK the device is almost totally blocked in the conductance minimum. The traces shown in figure 2c are all recorded at the same gate voltage. No qualitative gate-dependence was found of the hysteretic behavior.
Similar devices with tubes contacted in one end by iron and in the other by gold, have been fabricated and investigated. None of these samples showed any sign of the hysteretic behavior described above.
Discussion and Interpretation
A strong MR was revealed in this device, manifested in a hysteretic behavior in the conductance as a function of magnetic field measured at low temperatures.
Because of the small dimensions of single-wall nanotubes, it is most likely that the tube is contacted by only one or a few magnetic domains in each electrode. This enables the device to be in different magnetic configurations, depending on the magnitude and history of the applied magnetic field. Ideally the domains in each end of the tube may either be magnetized parallel, when a high magnetic field is applied; or anti-parallel, when the magnetic field has passed zero, and one contacting domain has changed direction of magnetization (assuming the coercive fields differ for the two different domains). The theory for spin-transport predicts a minimum in conductance in the anti-parallel configuration.
13 Hence, we may tentatively interpret the hysteretic behavior as spin-polarized transport occurring in the nanotube. The idea is indicated by arrows in figure 3a . In reality the magnetization of the domains may turn gradually or develop into sub-domains, resulting in not truly parallel or anti-parallel configurations during the transition. This may produce a more complicated evolution of the conductance, as is seen in the measurement. Figure 3b displays experimental temperature-dependence of the ratio ∆G/G 0 = (G 0 − G min )/G 0 . G 0 is the conductance measured at B = 0.5 T, where we assume parallel configuration, and G min is the minimum conductance. The ratio is almost 100% at the lowest measured temperatures and decreases to about 20% at 20 K. According to the simple spin-transport model mentioned in the introduction, 13 the upper limit is 32% (assuming a polarization of P = 44% in the Fe-electrodes 16 ). The results for T 10 K are below this limit. But the almost total blockade measured at the lowest temperatures is in strikingly disagreement with the model. So far we have not found any full explanation describing the experimental results. The single-wall carbon nanotube has no intrinsic MR, and cannot alone be the source of the measured hysteretic behavior. The microscopic nature of the FM-nanotube contact is unknown in the present experiment. However, the Fe-nanotube-Au control devices gave no evidence of similar behavior Hence, the hysteretic behavior can seemingly not originate from the Fe-electrodes alone or the tunneling contact between Fe and the tube.
In conclusion we have reported on results from a single-wall carbon nanotube contacted with ferromagnetic electrodes. The behavior is markedly different from devices with normal metal contacts. 3 The results are indicative of spin-polarized transport in the tube. However, a surprising and as yet unexplained magnitude of the MR effect was found. Further work is clearly needed to understand these ferromagnetically contacted 1D quantum dots.
